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Abstract
Nitrovasodilators are hypothesized to induce smooth muscle relaxation by their metabolism to nitric oxide, which then
w xactivates soluble guanylyl cyclase, increases cGMP , and activates cGMP-dependent protein kinase. cGMP-dependent
w 2qx w 2qx . 2qphosphorylation is then proposed to decrease intracellular Ca Ca and to reduce the Ca -sensitivity of contraction.i
We hypothesized that one component of decreased Ca2q-sensitivity, reduced Ca2q-sensitivity of MLC phosphorylation, was
 .due to phosphorylation of myosin light chain kinase MLCK on the peptide site A. In the swine carotid artery, histamine
 . w 2qx10 mM stimulation increased aequorin-estimated Ca , MLCK site A phosphorylation, MLC phosphorylation, andi
 .  .force. Subsequent addition of 100 mM nitroglycerin NTG or 100 mM sodium nitroprusside NP to histamine-stimulated
w x w x w 2qxtissues increased cGMP , decreased both MLC phosphorylation and force, but did not significantly alter cAMP , Ca ,i
or MLCK site A phosphorylation. Addition of NTG and NP alone to unstimulated tissues increased MLCK site A
w 2qxphosphorylation, but did not alter Ca . In tissues preincubated with NP, subsequent histamine contraction was slowedi
compared with controls, however, this slowed rate of contraction appeared to result from an attenuation of histamine-depen-
w 2qx 2qdent increases in Ca . These data suggest that, in swine carotid artery, nitrovasodilators can decrease the Ca -sensitiv-i
ity of MLC phosphorylation without increasing MLCK site A phosphorylation. Nitrovasodilators, per se, can induce site A
MLCK phosphorylation, potentially by cGMP dependent activation of cAMP-dependent protein kinase.
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1. Introduction
Nitrovasodilators are a clinically useful class of
compounds that produce vascular smooth muscle re-
laxation through their metabolism to nitric oxide,
formation of guanosine-3X,5X-cyclic monophosphate
 .cGMP , and activation of cGMP-dependent protein
) Corresponding author. Fax: q1 804 9249604; E-mail:
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kinase. These compounds can cause relaxation by
w 2qx .reducing intracellular calcium concentration Ca i
w x w 2qx1,2 . Proposed mechanisms for decreasing Ca i
include membrane hyperpolarization, inhibition of
both intracellular Ca2q release and Ca2q influx, and
2q  w xincreased Ca sequestration or extrusion see 2,3
.for review .
w 2qxIn addition to reducing Ca , nitrovasodilatorsi
also induce relaxation by decreasing the sensitivity of
w 2qxcontractile elements to Ca . For example, in thei
rat aorta, sodium nitroprusside decreased force to an
0167-4889r97r$17.00 Copyright q 1997 Elsevier Science B.V. All rights reserved.
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extent greater than could be accounted for by de-
w 2qx w xcreases in Fura 2-estimated Ca 4 . In a-toxini
skinned rat mesenteric artery, addition of cGMP de-
w 2qx w xcreased force under conditions of clamped Ca 5 .
In the sequence of intracellular events coupling
w 2qxincreased Ca and contraction in smooth muscle,i
nitrovasodilators may affect two steps to produce
decreased Ca2q-sensitivity of contraction. First, ni-
trovasodilators may uncouple force from myosin light
 .chain MLC phosphorylation leading to decreased
force without proportional dephosphorylation of
myosin light chains. This was shown in histamine-
stimulated intact swine carotid, in which sustained
 .nitrovasodilator-induced relaxations 15–120 min
were not accompanied by proportional decreases in
w x 2qMLC phosphorylation 1 . Second, the Ca -sensitiv-
ity of MLC phosphorylation could be decreased by
nitrovasodilators. In Triton X100-skinned guinea pig
mesenteric artery, addition of activated cGMP depen-
w 2qxdent protein kinase at constant Ca decreased both
w xMLC phosphorylation and force 6 .
 .The mechanism s responsible for nitro-
vasodilator-induced reduction of the Ca2q-sensitivity
w xof MLC phosphorylation is unknown 7 . Since MLC
phosphorylation is determined by the relative activi-
 .ties of MLC kinase MLCK and MLC phosphatase,
regulation of either or both of these is most likely
involved. MLCK activity can be decreased by phos-
 .phorylation of a site near the calmodulin CaM
 . w xbinding region designated the A site 8,9 . This
phosphorylation increases the K , which at limit-CaM
ing CaM concentrations can lead to decreases in
Ca2q-sensitivity, kinase activity, and MLC phospho-
rylation. This process has been characterized in intact
tissues where MLCK is phosphorylated primarily in
w 2qxresponse to increased Ca and may function toi
limit MLC phosphorylation during tissue stimulation
w x10 . Treatment with cAMP-generating agents such as
forskolin and isoproterenol increased MLCK site A
w 2qxphosphorylation independent of Ca , however, thei
level of resultant relaxation did not correlate with the
w xdegree of MLCK site A phosphorylation 8,11 .
In contrast to cAMP mechanisms, little is known
of cGMP-mediated phosphorylation of MLCK as a
mechanism of relaxation or decreased Ca2q-sensitiv-
ity. In vitro studies using purified MLCK showed that
 .cGMP-dependent kinase PKG does not readily
w xphosphorylate site A 12 , however, there are no
studies of PKG-mediated effects on MLCK in intact
tissue. We report here on nitrovasodilator-mediated
reductions in Ca2q-sensitivity of MLC phosphoryla-
tion in swine carotid artery as well as the role of
MLCK phosphorylation in producing these changes
in Ca2q-sensitivity.
2. Materials and methods
Swine common carotid arteries were obtained, dis-
sected, mounted for isometric stress measurement,
and the optimal length for stress development deter-
w x  .mined 13 . The physiologic salt solution PSS con-
 . w xtained mM : NaCl, 140; KCl, 4.7; 3- N-morpholino
 .propanesulfonic acid MOPS , 2; CaCl , 1.6; MgCl ,2 2
1.2; Na HPO , 1.2; EGTA 0.02; D-glucose, 5.6; pH2 4
adjusted to 7.4 at 378C.
[ 2q]2.1. Aequorin-estimated intracellular Ca
w 2qxCa was estimated in one set of tissues with thei
photoprotein aequorin loaded intracellularly by re-
w xversible hyperpermeabilization 13 . The aequorin de-
rived light was collected with a photomultiplier tube
 .and the photon count per second L was divided by
w x  .an estimate of the total aequorin L . The loga-max
 . w 2qxrithm of this ratio log LrL depends on Ca .max
Light signals are reported as a change in log LrLmax
in which the resting log LrL is subtracted frommax
all subsequent log LrL values. This normalizationmax
markedly decreased interexperimental variability and
provided enhanced sensitivity to small changes in
w 2qx w xCa 14 . Aequorin light signals were calibrated ini
2q  .Ca rethyleneglycol-bis- B-aminoethyl ether N,N,
X X  .N ,N -tetraacetic acid EGTA buffers at 378C with
w 2qx w xMg s0.5 mM 14 . We do not report estimated
w 2qxCa with each experiment because assumptionsi
w 2qxintroduce errors. For example, Mg affects ae-i
w xquorin calibration substantially 15 .
To decrease variability in Fig. 1, we sequentially
stimulated the tissue with histamine three times with
a 15 min washout between contractions. In two tis-
sues, the three histamine contractions were sequen-
tially relaxed with vehicle, 100 mM nitroglycerin,
and then 100 mM nitroprusside. In another two tis-
sues, the three histamine contractions were sequen-
tially relaxed with 100 mM nitroglycerin, and then
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100 mM nitroprusside, and then vehicle. In the last
two tissues, the three histamine contractions were
sequentially relaxed with 100 mM nitroprusside, ve-
hicle, and then 100 mM nitroglycerin. The data were
then parsed and averaged for each relaxation proto-
col. This procedure corrected for the known effect of
w xmultiple contractions on aequorin signals 13 .
2.2. Myosin light chain phosphorylation
Phosphorylation was estimated in a second set of
tissues. Isometric force was measured with Grass
 .Quincy, MA FT.03 force transducers. Tissues were
frozen by immersion in a dry iceracetone slurry 20
.gr20 ml at y788C and warmed to room tempera-
ture in the dry iceracetone slurry prior to homoge-
nization. Phosphorylation of the smooth muscle-
specific 20 kDa myosin light chain was determined
w xby two-dimensional electrophoretic separation 13,16 .
Phosphorylation is reported as mol P rmol totali
smooth muscle specific light chain satellite spots
.were not analyzed .
[ ] [ ]2.3. cGMP and cAMP
w x w xcGMP and cAMP were measured in the same
tissues frozen in acetonerdry ice for MLC phospho-
rylation. The dehydrated tissues were homogenized in
w x w x w x0.1 N HCl 16 . cGMP and cAMP were measured
by commercially purchased radioimmunoassay kits
 .Amersham RPA 525 and RPA 509 .
2.4. Myosin light chain kinase phosphorylation
Myosin light chain kinase phosphorylation was
estimated in a third set of tissues. The intracellular
32  .ATP pool was labeled with PO 0.2 mCirml for4
5 h and the tissues frozen by immersion in an ace-
 . w xtonerdry ice slurry 20 gr20 ml at y788C 11 .
Tissues were homogenized and myosin light chain
kinase extracted with a monoclonal antibody and
separated on 8% SDS electrophoresis as previously
w xdescribed 8,11 . The purified myosin light chain
kinase was digested with trypsin and separated on
thin layer electrophoresis and chromatography. The
32 fraction of PO incorporation into peptide A ser4
.525 was calculated per mol of myosin light chain
kinase. Determination of specific activity of ATP
w x11,17 allowed determination of mol P rmol site Ai
in myosin light chain kinase. Peptide A is known to
contain the phosphorylation site of myosin light chain
kinase responsible for changes in its sensitivity to
2q w xCa 8,11 .
2.5. Statistics
Measurements were compared with Students t-test
if there were two groups or with an ANOVA fol-
lowed by a post hoc Neumann-Keuls test if there
were more than two groups. A P value of less than
0.05 was considered significant.
3. Results
Our prior investigation revealed that different
mechanisms were responsible for nitrovasodilator-in-
duced relaxation depending on the concentration of
w xhistamine employed to induce the contraction 3 . At
 .submaximal histamine concentrations 3 mM , nitro-
w 2qxprusside decreased aequorin-estimated Ca with-i
out altering the Ca2q-sensitivity of MLC phosphory-
lation or the relation between MLC phosphorylation
 .and stress. At higher histamine 10 mM concentra-
tions, sustained nitrovasodilator-induced relaxations
were primarily caused by an uncoupling of force
from myosin light chain phosphorylation, i.e. force
decreased without proportional MLC dephosphoryla-
w xtion 3 . The data also suggested that nitrovasodilators
initially decreased the Ca2q-sensitivity of MLC phos-
phorylation, however, this trend did not reach statisti-
cal significance. We furthered these studies focusing
on the initial responses to addition of nitrovasodila-
tors. The addition of 10 mM histamine to swine
carotid medial tissues increased aequorin-estimated
w 2qx w 2qxCa rapidly. Ca then decreased to intermedi-i i
 .ate levels with continued stimulation Fig. 1 . Changes
w 2qxin MLC phosphorylation paralleled those of Ca ,i
however, stress levels were maintained near peak
 .values. Following addition of either NTG 100 mM
 . w 2qxor NP 100 mM aequorin-estimated Ca de-i
creased transiently but then returned to levels slightly
lower but not statistically different than observed in
control tissues. MLC phosphorylation significantly
decreased to near-basal values and the tissues re-
laxed. This significant decrease in phosphorylation
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Fig. 1. The response to nitroglycerin or nitroprusside in maxi-
mally stimulated swine carotid artery. The time course of ae-
w 2q x  .quorin estimated Ca log LrL change, top panel , 20i max
kDa regulatory myosin light chain phosphorylation mol P rmoli
.  5 2MLC, center panel , and active stress =10 Nrm , bottom
.panel was measured in two sets of swine carotid media tissues
 .ns6 . Aequorin data was collected at 1 s intervals and plotted
as 10 s intervals with the solid line representing the mean and the
dotted lines "1 S.E.M. Myosin light chain phosphorylation
symbols are "1 S.E.M. MLC phosphorylation symbols without
error bars reflect S.E.M. smaller than the symbol size.
without a significant change in aequorin estimated
w 2qxCa suggests that NTG and NP decreased thei
Ca2q-sensitivity of MLC phosphorylation.
w 2qxThe relation between Ca and MLC phosphory-i
lation is shown in Fig. 2. In 10 mM histamine-stimu-
lated tissues, 4 min exposure to nitrovasodilators 100
.mM decreased MLC phosphorylation without alter-
w 2qx  .ing Ca filled squares and triangles and thei
resulting data points fell below the curve observed
 .with histamine alone open circles . These results
suggest that nitrovasodilators decreased the Ca2q-
sensitivity of MLC phosphorylation. This graph also
shows that addition of 100 mM NTG to submaxi-
 .mally 3 mM histamine-stimulated arteries decreased
w 2qxaequorin-estimated Ca and that MLC phosphory-i
lation fell proportionally: the data points fell on the
continuum established for histamine stimulation Fig.
.2, filled circles . Thus, in these submaximally stimu-
lated tissues, the Ca2q-sensitivity of MLC phosphory-
lation was unchanged by NTG.
The effects of nitrovasodilators on phosphorylation
of MLCK were tested in tissues labeled with 32PO .4
Phosphopeptide maps of untreated tissues and tissues
exposed to either nitrovasodilators alone or histamine
plus nitrovasodilators are shown in Fig. 3. The un-
 .treated control and histamine-treated tissues gave
phosphopeptide patterns consistent with previously
established maps of MLCK from swine carotid and
w x 32other tissues 8,11 . Histamine caused increased P-
labeling of the A site — the site associated with
decreased Ca2q-sensitivity. The nitrovasodilators
alone caused peptide labeling that was qualitatively
similar to that of histamine, including labeling of the
peptide A site. Addition of nitrovasodilators to his-
tamine caused no qualitative differences in the phos-
phopeptide patterns from histamine alone.
w 2qxQuantitative values of aequorin-estimated Ca ,i
MLC phosphorylation, and MLCK site A phosphory-
lation are shown in Fig. 4. Histamine stimulation 10
. w 2qxmM increased Ca , MLCK phosphorylation, andi
MLC phosphorylation. Addition of nitroglycerin or
nitroprusside for 4 min to histamine-contracted tis-
sues significantly decreased MLC phosphorylation
w 2qxwithout significantly changing Ca or MLCK sitei
Fig. 2. The dependence of myosin light chain phosphorylation
 . w 2q xMLC phosphorylation on aequorin estimated Ca i
 .log LrL change . Some of the data are replotted from Fig. 1.max
Symbols without error bars reflect S.E.M. smaller than the
symbol size. Open diamond, unstimulated; open circles, his-
tamine; filled circle, 3 mM histamine q100 mM NTG; filled
triangles, 10 mM histamine q100 mM NTG; filled squares, 10
mM histamine q100 mM NP. The data show a decrease in the
Ca2q-sensitivity of MLC phosphorylation in those tissues treated
with nitrovasodilators and 10 mM histamine.
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Fig. 3. Representative autoradiograms of two dimensional separa-
tion of tryptic digests of myosin light chain kinase extracted from
32PO loaded swine carotid tissues. Tissues were unstimulated4
 . left top or treated with 100 mM nitroglycerin for 4 min left
.  .center , 100 mM nitroprusside for 4 min left bottom , 10 mM
 .histamine for 10 min right top , 10 mM histamine for 10 min
followed by addition of 100 mM nitroglycerin for 4 min right
.center , or 10 mM histamine for 10 min followed by addition of
100 mM nitroprusside for 4 min right bottom; protocols as in
.Fig. 1 . The autoradiogram was collected and printed by a
Molecular Dynamics Phosphoimager.
A phosphorylation from histamine-treated levels the
decrease in MLCK site A phosphorylation observed
with histamine plus nitroprusside did not reach statis-
.tical significance . If increased MLCK phosphoryla-
tion were responsible for decreased Ca2q-sensitivity
of MLC phosphorylation, nitrovasodilators would be
expected to produce greater MLCK site A phosphory-
lation than with agonist stimulation alone. These
results indicate that MLCK phosphorylation is not a
mechanism responsible for nitrovasodilator-induced
decreases in Ca2q-sensitivity of MLC phosphoryla-
tion.
In unstimulated tissues, NTG and NP, per se,
significantly increased MLCK site A phosphorylation
w 2qxdespite inducing no significant change in Ca i
 .Fig. 4 . This response was different than that ob-
served in the presence of histamine in which NTG
and NP did not increase MLCK phosphorylation.
Nitrovasodilator dependent MLCK phosphorylation
would not have been predicted given the findings of
in vitro investigations suggesting cGMP dependent
protein kinase did not phosphorylate MLCK on site
A. We investigated the possibility that the nitrova-
sodilators caused sufficient cAMP production to
stimulate MLCK phosphorylation by cAMP-depen-
w x w xdent protein kinase. Tissue cAMP and cGMP lev-
 .els were determined for these treatments Fig. 5 . The
results show that histamine andror nitrovasodilator
w 2q xFig. 4. Comparison of mean values of aequorin estimated Ca i
 .log LrL change, top panel and phosphorylation of myosinmax
light chain kinase at site A or phosphorylation of MLC mol
 .  .P rmol site A filled bars or mol P rmol MLC open bars ,i i
.respectively, bottom panel in three sets of swine carotid media
 .  .tissues either 1 unstimulated control or stimulated with 2 10
 .mM histamine for 14 min, 3 100 mM nitroglycerin for 4 min,
 .4 10 mM histamine for 14 min with 100 mM nitroglycerin for
 .  .the last 4 min, 5 100 mM nitroprusside for 4 min, or 6 10 mM
histamine for 14 min with 100 mM nitroprusside for the last 4
min. One set of six tissues were loaded with aequorin to measure
w 2q x  .Ca and force ns6, data from Fig. 2 . Myosin light chaini
kinase phosphorylation was measured in a second set of 32PO4
 .loaded tissues ns4–6 . A third set of tissues was frozen for
 .measurement of MLC phosphorylation ns4–7 . The data are
shown as mean"1 S.E.M. Bars without error bars reflect S.E.M.
smaller than the line size. ) ssignificant difference between
control and other treatments; qssignificant difference between
histamine alone and histamine plus nitrovasodilator treatment;
and NDsnot done. The data show that the decrease in MLC
phosphorylation observed with addition of nitrovasodilators was
not associated with a significant change in MLCK site A phos-
phorylation.
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w x w x Fig. 5. Comparison of cGMP and cAMP pmolrmg wet
.weight; filled and open bars respectively in swine carotid media
 .  .tissues either 1 unstimulated or stimulated with 2 10 mM
 .  .histamine for 14 min, 3 100 mM nitroglycerin for 4 min, 4 10
mM histamine for 14 min with 100 mM nitroglycerin for the last
 .  .4 min, 5 100 mM nitroprusside for 4 min, or 6 10 mM
histamine for 14 min with 100 mM nitroprusside for the last 4
w xmin. The cGMP values in the control and histamine treated
tissues was very low. ) ssignificant difference between the
control and nitrovasodilator treated tissues. The data show that
w x w xnitrovasodilators increased cGMP without altering cAMP .
Fig. 6. Time-course of response to histamine stimulation in swine
carotid artery preincubated with nitroprusside. Shown are time
w 2q x courses of aequorin estimated Ca log LrL change, topi max
.  5 2 .panel and active stress =10 Nrm , bottom panel in three
 .sets of tissues ns6 . The first set was preincubated in 100 mM
nitroprusside for 10 min and then stimulated with 10 mM his-
 .tamine at time 0 filled circles, ns4 . The second and third sets
were stimulated with 10 mM and 3 mM histamine at time 0
without preincubation in nitroprusside open circles and open
.triangles respectively, the former data from Fig. 1 . Only the data
from 1 min before to three min after addition of histamine is
shown; the arrow shows the time of histamine addition. Symbols
without error bars reflect S.E.M. smaller than the symbol size.
The data show that preincubation in nitroprusside attenuated
histamine induced contraction primarily by attenuating Ca2q
release and influx dynamics.
w xtreatment did not significantly alter cAMP . His-
w xtamine alone did not alter cGMP ; both nitrova-
sodilators, either alone or in presence of histamine,
w xinduced large significant increases in cGMP .
The finding that the nitrovasodilators caused
MLCK phosphorylation in unstimulated tissues sug-
gested that these agents could alter subsequent con-
tractility. Given that phosphorylated MLCK is less
w 2qxsensitive to Ca , nitrovasodilator dependenti
MLCK phosphorylation could slow the initial phase
of agonist-mediated contraction. We tested this by
pre-incubating arterial strips in 100 mM NP and then
 .stimulating with 10 mM histamine Fig. 6 . The
results showed that NP diminished the initial in-
w 2qxcreases in both Ca and stress as compared toi
control tissues stimulated with either 3 mM or 10
mM histamine alone. These data indicate that the
effects of NP on development of tone were based
primarily on changes in Ca2q-influx and -release
dynamics. Phosphorylation of MLCK may be in-
volved, however, this methodology was not suffi-
ciently sensitive to allow a definitive conclusion.
4. Discussion
 .This investigation showed that 1 nitrovasodila-
tors can cause vascular smooth muscle relaxation by
reducing the Ca2q-sensitivity of MLC phosphoryla-
 .tion, and 2 nitrovasodilator induced MLCK phos-
phorylation on site A did not appear to underlie
decreases in the Ca2q-sensitivity of MLC phosphory-
lation. Vascular smooth muscle displays variable
2q w 2qxCa -sensitivity, i.e., for a given level of Ca ,i
w xdifferent levels of force can be obtained 7,18 . Our
data are consistent with previous findings showing
that nitrovasodilators can alter Ca2q-sensitivity.
w xKaraki et al 4 showed that in norepinephrine- or
KCl- contracted rat aorta, NP decreased both Fura
w 2qx 2q2-estimated Ca and Ca -sensitivity of force.i
Similarly, in the a-toxin permeabilized rat mesenteric
artery, addition of NP or cGMP also caused relax-
2q w xation by decreasing Ca -sensitivity of force 5 .
The mechanisms responsible for changes in Ca2q-
sensitivity are unknown, however, modulation of
MLCK or MLC phosphatase activities are most likely
involved. Phosphorylation of MLCK at site A, which
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decreases the sensitivity of MLCK to Ca2q-CAM, is
a possible mechanism. Previous studies with swine
carotid, however, showed that MLCK phosphoryla-
w 2qxtion levels were proportional to Ca and thati
variations in the Ca2q-sensitivity of MLC phosphory-
lation induced by agonists or forskolin could not be
w xexplained by changes in MLCK phosphorylation 8,9 .
We tested the hypothesis that nitrovasodilator-in-
duced increases in MLCK phosphorylation mediate
nitrovasodilator-induced decreases in the Ca2q-sensi-
tivity of MLC phosphorylation. The data showed that
in histamine-stimulated tissue, nitrovasodilators in-
duced levels of MLCK phosphorylation no greater
 .than those caused by histamine alone Fig. 4 . This
result suggests that MLCK phosphorylation played
no role in nitrovasodilator-mediated decreases in
Ca2q-sensitivity of MLC phosphorylation. The cur-
rent literature supports the hypothesis that agonist-de-
pendent increases in the Ca2q-sensitivity of MLC
phosphorylation result from a G-protein mediated
process, possibly the inhibition of MLC phosphatase
w x9,19 . Nitrovasodilators may potentially interfere
with the inhibition of MLC phosphatase activity,
directly activate the phosphatase to cause decreased
MLC phosphorylation, or have some other action on
myosin light chain kinase.
The differences between the results obtained with
 .  .submaximal 3 mM and maximal 10 mM his-
tamine stimulation are intriguing. With submaximal
 .3 mM histamine stimulation, nitrovasodilator in-
duced relaxation was associated primarily with reduc-
w 2qx  w x. tions in Ca Fig. 2 and 1 . At maximal )10i
.mM histamine stimulation, nitrovasodilators induced
relaxation by decreasing the Ca2q-sensitivity of MLC
 .phosphorylation Fig. 2 and uncoupling force from
w xMLC phosphorylation 1 . The most likely explana-
tion for this discrepancy is that higher levels of
histamine stimulation may induce more profound de-
polarization. Nitrovasodilators may not be able to
induce repolarization in such highly depolarized tis-
sues. We previously showed that nitroglycerin in-
duced relaxation of 3 mM histamine stimulated swine
carotid artery were associated with reductions in both
2q 2q w xMn influx, an estimate of Ca influx 20 . A
reduction in Ca2q influx would be expected if nitro-
glycerin were to induce repolarization of these tis-
sues. Membrane potential cannot be measured in
swine carotid artery, but it can be measured in smaller
arteries. In rat tail artery submaximally stimulated
with 0.1 mM phenylephrine, nitroglycerin induced
relaxation was associated with significant repolariza-
w 2qx w xtion and reductions in Fura 2 estimated Ca 2 .i
 .Higher concentration of phenylephrine 1 mM in-
duced more substantial depolarization. Nitroglycerin
induced relaxation of these maximally stimulated ar-
teries, but there was no significant change in mem-
w 2qxbrane potential or Fura 2 estimated Ca . Thesei
results suggest that the degree of agonist induced
depolarization may determine the mechanism respon-
sible for nitroglycerin induced relaxation in the rat
tail artery. A similar response may be occurring in
the histamine stimulated swine carotid.
In vitro investigations of cGMP dependent protein
kinase-mediated phosphorylation of MLCK, demon-
.strated that 1 cGMP dependent protein kinase caused
less phosphorylation than cAMP dependent protein
. .kinase, 2 phosphorylation was not on site A, and 3
MLCK activity was essentially unaffected by phos-
w xphorylation 12,21 . We found that nitrovasodilators,
per se, induced MLCK phosphorylation in swine
 .carotid artery Fig. 4 . Our findings could be inter-
preted to suggest that cGMP dependent protein ki-
nase may mediate phosphorylation of MLCK on site
A in tissues. Alternatively, phosphorylation of MLCK
on site A may be caused by an action of nitrova-
w xsodilators independent of increases in cGMP . A
more likely explanation is that nitrovasodilators may
cause MLCK phosphorylation through cGMP medi-
ated stimulation of cAMP-dependent protein kinase.
w xSince we found no significant increases in cAMP ,
nitrovasodilator-induced production of cAMP would
not appear to be responsible. Recent studies with rat
w xaortic smooth muscle cells showed that high cGMP
can stimulate cAMP dependent protein kinase activ-
w xity 22 . This mechanism may be active in our system
since the concentrations of nitrovasodilators used in
our study were maximal and the subsequent forma-
w xtion of high cGMP may have led to activation of
cAMP dependent protein kinase. In addition, both the
pattern of 32P-phosphopeptides and the functional
effects produced by the nitrovasodilators relaxation
2q .accompanied by decreased Ca -sensitivity are
highly similar to those produced by forskolin in this
w xtissue 11 . The exact mechanism of cGMP-mediated
phosphorylation of MLCK awaits further investiga-
tion, however, our data support an activation of cAMP
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dependent protein kinase directly by increases in
w xcGMP .
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